Performance Assessment of Horizontal Well and Flue Gas Injection for Enhanced Methane Recovery by Qiao, Runhang & Qiao, Runhang
  
IMPERIAL COLLEGE LONDON 
 
 
 
 
 
 
Department of Earth Science and Engineering 
 
 
 
Centre for Petroleum Studies 
 
 
 
 
 
 
PERFORMANCE ASSESSMENT OF HORIZONTAL WELL AND FLUE GAS 
INJECTION FOR ENHANCED METHANE RECOVERY 
 
 
 
By 
 
 
Runhang Qiao 
 
 
 
 
 
A report submitted in partial fulfilment of the requirements for 
the MSc and/or the DIC. 
 
 
 
September 2013 
 
 
  
Performance Assessment of Horizontal Wells and Flue Gas Injection for Enhanced Coalbed Methane Recovery                                             ii 
 
DECLARATION OF OWN WORK 
 
 
 
I declare that this thesis  
 
“Performance Assessment of Horizontal Well and Flue Gas Injection for Enhanced Methane 
Recovery”  
 
is entirely my own work and that where any material could be construed as the work of others, it is fully 
cited and referenced, and/or with appropriate acknowledgement given. 
 
 
 
Signature:..................................................................................................... 
 
 
Name of student: Runhang Qiao 
 
 
Name of supervisors: Dr Ji-Quan Shi, Professor Sevket Durucan and Dr Anna Korre 
 
  
Performance Assessment of Horizontal Wells and Flue Gas Injection for Enhanced Coalbed Methane Recovery                                             iii 
 
Abstract 
It is known that the injection of N2 and/or CO2 in coalbed contributes to improving methane production. However, 
permeability reduction can be caused by CO2 injection, resulting in the loss of injectivity. In this study, flue gas 
(87%N2/13%CO2) and flue gas enriched CO2 injection coupled with the use of horizontal well was investigated in a Chinese 
coalfield, as this scenario has a potential to not only overcome the loss of injectivity as well as enhance methane recovery but 
also provide a mean of permanently storing CO2 in unmineable coalbed. 
This study investigated the performance of vertical well and horizontal well during primary recovery by varying the well 
spacing for comparison. This was followed by an optimization of horizontal well direction, configuration and layout design.   
A dual-lateral horizontal well with lateral length of 1000m was then determined for the further simulation in ECBM recovery 
process. 114 horizontal wells consisting of 76 producers and 38 injectors were drilled in a 50 acre three-well pattern and 
produced for 30 years with injection of 25 years.  
The strategies of choosing the gas composition for injection were proposed depending on the priority of development 
(methane production or CO2 storage). Flue gas was suggested for the injection to obtain a highest methane recovery, while a 
75%/25% mixture of CO2 and N2 was recommended if CO2 storage is priority as the largest amount of CO2 was stored in this 
case. On the other hand, the issue of early breakthrough led by N2 injection was also considered. The optimum balance 
between methane production, CO2 storage and produced methane purity could be achieved by injecting a binary mixture of N2 
and CO2.  Finally, a sensitivity study was conducted on the simulation and demonstrated that the methane production would be 
significantly influenced by fracture permeability, initial gas saturation and initial pressure of the coalbed reservoir. 
 
 
  
Performance Assessment of Horizontal Wells and Flue Gas Injection for Enhanced Coalbed Methane Recovery                                             iv 
 
Acknowledgements 
 
I would like to express my sincere gratitude to my supervisor Dr Ji-Quan Shi for his supervision, academic advice as well as 
his insightful guidance on CBM modelling and the methodology of the entire study. 
 
I wish to thank Professor Sevket Durucan and Dr Anna Korre for their invaluable time and useful guidance during the project. 
I am very grateful to Professor Sevket Durucan for giving me the opportunity to work on this project. 
 
I also appreciate Dr Rajesh Govindan, Guangyao Si and Dong Chen who gave me a lot of help and suggestion for studying 
software and running simulations. 
 
Last but not least, a special thanks to my family and friends for their company and encouragement. 
 
 
 
  
Performance Assessment of Horizontal Wells and Flue Gas Injection for Enhanced Coalbed Methane Recovery                                             v 
 
Table of Contents 
 
DECLARATION OF OWN WORK............................................................................................................................................. ii 
Abstract ........................................................................................................................................................................................ iii 
Acknowledgements ...................................................................................................................................................................... iv 
Table of Contents .......................................................................................................................................................................... v 
List of Figures ............................................................................................................................................................................. vii 
List of Figures for Appendices ................................................................................................................................................... viii 
List of Tables ............................................................................................................................................................................... ix 
List of Tables for Appendices ...................................................................................................................................................... ix 
Abstract ......................................................................................................................................................................................... 1 
Introduction ................................................................................................................................................................................... 1 
Literature Review .......................................................................................................................................................................... 2 
Pore Structure of Coal ........................................................................................................................................................... 2 
Gas Storage and Transport in Coal ....................................................................................................................................... 2 
Mechanism of Gas Injection ................................................................................................................................................. 2 
CO2 Injection ................................................................................................................................................................. 2 
N2 Injection ................................................................................................................................................................... 3 
Field Description ........................................................................................................................................................................... 3 
Reservoir Parameters ............................................................................................................................................................ 3 
Results and Discussion .................................................................................................................................................................. 4 
Gas-In-Place Estimation ........................................................................................................................................................ 4 
Methodology of the Design of Field Development Plan ....................................................................................................... 4 
CBM Recovery Process ........................................................................................................................................................ 4 
Vertical Well Performance in CBM Recovery Process ................................................................................................. 4 
Horizontal Well Performance in CBM Recovery Process ............................................................................................ 6 
Design of Horizontal Well Direction ...................................................................................................................... 6 
Design of Horizontal Well Configuration............................................................................................................... 6 
Simulation Results of Horizontal Wells ................................................................................................................. 7 
Variation of Horizontal Well Length ...................................................................................................................... 8 
Summary of CBM Recovery Operation ................................................................................................................................ 8 
ECBM Recovery Process – Flue Gas Injection ..................................................................................................................... 9 
Permeability Model ....................................................................................................................................................... 9 
Horizontal Well Pattern ................................................................................................................................................10 
Simulation Results of Gas Injection .............................................................................................................................10 
Coalbed Methane Recovery ...................................................................................................................................10 
Produced Methane Purity ......................................................................................................................................12 
CO2 Storage Capacity ............................................................................................................................................12 
Discussion of ECBM Recovery Operation ..........................................................................................................................12 
Sensitivity Analysis ..............................................................................................................................................................13 
Conclusions ..................................................................................................................................................................................14 
Suggestions for further work ................................................................................................................................................14 
Nomenclature ...............................................................................................................................................................................15 
References ....................................................................................................................................................................................15 
Appendix A: Critical Literature Review ......................................................................................................................................17 
Appendix B: Description of CBM simulator used .......................................................................................................................31 
Dual Porosity Model ............................................................................................................................................................31 
Adsorption model in ECLIPSE 300 .....................................................................................................................................31 
Time dependent diffusion model in ECLIPSE 300 ..............................................................................................................32 
Rock Compaction Model .....................................................................................................................................................32 
Compositional coal swelling/shrinkage model in ECLIPSE 300 .........................................................................................33 
Appendix C: Additional Parameters Input to the Simulation .......................................................................................................35 
Performance Assessment of Horizontal Wells and Flue Gas Injection for Enhanced Coalbed Methane Recovery                                             vi 
Gas-water Relative Permeability ..........................................................................................................................................35 
Properties of Each Component .............................................................................................................................................35 
Appendix D: Horizontal Well Design ..........................................................................................................................................36 
Horizontal Well Direction ....................................................................................................................................................36 
Horizontal Well Layout and Simulation Results ..................................................................................................................37 
Horizontal Well Length ........................................................................................................................................................41 
Appendix E: Sensitivity Analysis ................................................................................................................................................43 
Variation of Coal Density ....................................................................................................................................................43 
Variation of Fracture Permeability .......................................................................................................................................43 
Variation of Fracture Porosity ..............................................................................................................................................44 
Variation of Initial Pressure .................................................................................................................................................44 
Variation of Initial Gas Saturation .......................................................................................................................................45 
Variation of Initial Water Saturation ....................................................................................................................................45 
Variation of Sorption Time ..................................................................................................................................................46 
Variation of Reservoir Temperature.....................................................................................................................................46 
Nomenclature of Appendices .......................................................................................................................................................47 
  
Performance Assessment of Horizontal Wells and Flue Gas Injection for Enhanced Coalbed Methane Recovery                                             vii 
 
List of Figures 
 
Figure 1: Schematic of dual-porosity system (King et al., 1986) ......................................................................................... 2 
Figure 2: Schematic of methane flow dynamics in a coal seam (Remner et al., 1986) ................................................... 2 
Figure 3: Mechanism of CO2 injection ..................................................................................................................................... 2 
Figure 4: Geological model of the coalfield in China (Converted from Isatis® by Dr. Govindan) .................................. 3 
Figure 5: Gas sorption isotherm for different components ................................................................................................... 4 
Figure 6: Methane production rate of different vertical well spacings ................................................................................ 5 
Figure 7: Cumulative methane production with different vertical well spacings ................................................................ 5 
Figure 8: Designed dual-lateral horizontal well for two coal seams (Referenced from Oil Finance website) ............... 6 
Figure 9: Perm-based completion bands for CBM (Note that SIS is the surface to in-seam horizontal well) .............. 6 
Figure 10: A comparison of methane production rate between vertical and horizontal wells with different well 
spacings ....................................................................................................................................................................................... 7 
Figure 11:  A comparison of cumulative methane production between vertical and horizontal wells with different 
well spacings ............................................................................................................................................................................... 7 
Figure 12: Peak production rate of different horizontal well length ..................................................................................... 8 
Figure 13: Cumulative methane production of different horizontal well length after 10 and 30 years ........................... 8 
Figure 14: Three-well pattern including one injection well and two production wells ......................................................10 
Figure 15: Methane production rate of different injection scenarios ..................................................................................11 
Figure 16: Cumulative methane production of different injection scenario .......................................................................11 
Figure 17: The mole fraction of N2 in produced gas stream of different gas injection scenarios ..................................12 
Figure 18: The amount of CO2 stored in coal seams of different gas injection scenario ................................................12 
Figure 19: Tornado plot indicating the influence of different reservoir parameters on cumulative methane 
production ...................................................................................................................................................................................14 
Figure 20: Pinnate pattern of multi-lateral wells (Spafford, 2007) ......................................................................................15 
 
 
 
  
Performance Assessment of Horizontal Wells and Flue Gas Injection for Enhanced Coalbed Methane Recovery                                             viii 
 
List of Figures for Appendices 
 
Figure C-1: Gas-water relative permeability curve used ..............................................................................................................35 
 
Figure D-1: Grids used in the direction test and dual-lateral well visualised in Petrel™.............................................................36 
Figure D-2: Simulation results of positioning well along butt cleat and face cleat ......................................................................36 
Figure D-3: Index filter used for preliminary design of well layout ............................................................................................37 
Figure D-4: The coalbed reservoir model after using index filter in 50 acre well spacing case ... Error! Bookmark not defined. 
Figure D-5: Full field layout of 50 acre well spacing ..................................................................................................................37 
Figure D-6: CBM recovery simulation results of 50 acre horizontal well ...................................................................................38 
Figure D-7: Full field layout of 75 acre well spacing ..................................................................................................................38 
Figure D-8: CBM recovery simulation results of 75 acre horizontal well ...................................................................................39 
Figure D-9: Full field layout of 100 acre well spacing ................................................................................................................39 
Figure D-10: CBM recovery simulation results of 100 acre horizontal well ...............................................................................40 
Figure D-11: Full field layout of 125 acre well spacing ..............................................................................................................40 
Figure D-12: CBM recovery simulation results of 125 acre horizontal well ...............................................................................41 
Figure D-13: Methane production rate of various horizontal well lengths ..................................................................................41 
Figure D-14: Cumulative methane production of various horizontal well lengths ......................................................................42 
 
Figure E-1: Sensitivity study of coal density ...............................................................................................................................43 
Figure E-2: Sensitivity study of fracture permeability .................................................................................................................43 
Figure E-3: Sensitivity study of fracture porosity ........................................................................................................................44 
Figure E-4: Sensitivity study of initial pressure ...........................................................................................................................44 
Figure E-5: Sensitivity study of initial gas saturation ..................................................................................................................45 
Figure E-6: Sensitivity study of initial water saturation ...............................................................................................................45 
Figure E-7: Sensitivity study of sorption time .............................................................................................................................46 
Figure E-8: Sensitivity study of reservoir temperature ................................................................................................................46 
 
 
  
Performance Assessment of Horizontal Wells and Flue Gas Injection for Enhanced Coalbed Methane Recovery                                             ix 
 
List of Tables 
 
Table 1: Depth and thickness of target coal seams .............................................................................................................. 3 
Table 2: Comparison of grids properties between original and upscaled model .............................................................. 3 
Table 3: Properties of coalbed model ...................................................................................................................................... 4 
Table 4: Summary of the results from vertical well simulation ............................................................................................. 5 
Table 5: Results of horizontal well direction test.................................................................................................................... 6 
Table 6: Simulation results of vertical and horizontal wells .................................................................................................. 8 
Table 7: Parameters input to the simulator............................................................................................................................10 
Table 8: BHP control of producer and injector ......................................................................................................................10 
Table 9: Incremental methane production over a period of 30 years ................................................................................11 
Table 10: Summary of suggested injection strategies for field development ...................................................................13 
Table 11: Parameters used in sensitivity study ....................................................................................................................13 
 
List of Tables for Appendices 
 
Table A-1: Milestones in the study of flue gas and horizontal well ECBM recovery .......................................................17 
 
Table C-1: Relative permeability data ....................................................................................................................................35 
Table C-2: Parameters of gas components ...........................................................................................................................35 
 
Table D-1: Summary of the simulation results for each well length ...................................................................................42 
 
  
  
 
 
Performance Assessment of Horizontal Wells and Flue Gas Injection for 
Enhanced Coalbed Methane Recovery  
 
Runhang Qiao 
 
Imperial College Supervisors: Dr Ji-Quan Shi, Professor Sevket Durucan and Dr Anna Korre 
 
 
Abstract 
It is known that the injection of N2 and/or CO2 in coalbeds contributes to improving methane production. However, 
permeability reduction can be caused by CO2 injection, resulting in the loss of injectivity. In this study, flue gas 
(87%N2/13%CO2) and flue gas enriched CO2 injection coupled with the use of horizontal wells was investigated in a Chinese 
coalfield, as this scenario has a potential to not only overcome the loss of injectivity as well as enhance methane recovery but 
also provide a mean of permanently storing CO2 in unmineable coalbeds. 
This study investigated the performance of vertical well and horizontal well during primary recovery by varying the well 
spacing for comparison. This was followed by an optimization of horizontal well direction, configuration and layout design.   
A dual-lateral horizontal well with lateral length of 1,000m was then determined for the further simulation in ECBM recovery 
process. 114 horizontal wells consisting of 76 producers and 38 injectors were drilled in a 50 acre three-well pattern and 
produced for 30 years with injection of 25 years.  
The strategies of choosing the gas composition for injection were proposed depending on the priority of development 
(methane production or CO2 storage). Flue gas was suggested for the injection to obtain a highest methane recovery, while a 
75%/25% mixture of CO2 and N2 was recommended if CO2 storage is priority as the largest amount of CO2 was stored in this 
case. On the other hand, the issue of early breakthrough led by N2 injection was also considered. The optimum balance 
between methane production, CO2 storage and produced methane purity could be achieved by injecting a binary mixture of N2 
and CO2.  Finally, a sensitivity study was conducted on the simulation and demonstrated that the methane production would be 
significantly influenced by fracture permeability, initial gas saturation and initial pressure of the coalbed reservoir. 
 
Introduction 
The storage mechanism of methane in coal seams is not same as the conventional natural gas which is stored in free phase in 
gas reservoir. Coalbed methane (CBM) is adsorbed onto the surface of coal and the desorption of methane could be caused by 
injecting CO2 as coal has a larger sorption capacity for CO2 than methane. Since the world’s first trial of enhanced coalbed 
methane recovery (ECBM) with CO2 injection, which is known as the Allison Unit pilot was successfully carried out in the 
San Juan Basin during 1995 (Reeves et al., 2003), a number of CO2-ECBM projects were then operated in North America, 
Europe, China and Japan (Shi and Durucan, 2008). However, permeability reduction was reported during these field CO2-
ECBM operations (Shi and Durucan, 2004; Van Bergen et al., 2006), which causes the loss of CO2 injectivity and an 
associated impact on methane production.  
    An alternative approach, which is the gas injection containing N2, was suggested for ECBM recovery operation (Puri and 
Yee, 1990), as the decrease led by N2 in partial pressure in gas phase would promote the desorption of methane. The first N2-
ECBM pilot project known as Tiffany Unit operated by Amoco was carried out in January 1998 (Reeves, 2001). Further study 
(Shi and Durucan, 2005) about the ARC flue gas micro-pilot test in Alberta, Canada then proved that the injection of N2 has 
the capacity to recover the permeability reduction caused by CO2 injection or even increase the permeability. 
    On the other hand, the application of horizontal wells is feasible for improving methane production because of the flexible 
control of well configuration and direction (Maricic et al., 2005; Shi and Durucan, 2009). In recent years, the potential of 
drilling horizontal wells coupled with the injection of flue gas for ECBM has been investigated in a Scottish field (Sinayuc et 
al., 2011). Based on the previous study carried out for ECBM recovery, the major objectives of this paper are to overcome the 
loss of permeability and achieve both enhanced methane recovery and CO2 storage in the development of a coalfield in China.  
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The performance of horizontal wells with CO2 enriched flue gas injection will be assessed using the Eclipse
™
 Coalbed 
Methane Simulator. 
 
Literature Review 
 
Pore Structure of Coal 
 
The pore structure of coal, which is characterised as dual-porosity, 
contains a micropore (primary porosity) system defined as matrix and a 
macropore (secondary porosity) system (King et al., 1986). The two 
systems represent microporous matrix block and a network of natural 
fractures (Puri et al., 1991) also known as cleats. As shown in Figure 
1, there are two types of cleat: the face cleat which is continuous 
throughout the coal seam, and the butt cleat which is discontinuous and 
ends at intersections with the face cleat (King et al., 1986). 
 
Gas Storage and Transport in Coal 
 
Unlike conventional gas reservoirs, coalbeds have a different gas 
storage mechanism: methane is physically adsorbed onto the internal surface of coal. Since the surface area inside the coal is 
within a high range (20-200m
2
/g), a coalbed reservoir saturated with methane is believed to have an approximately 5 times 
larger storage capacity compared to the conventional gas reservoir with same size (Marsh, 1987).   
At the initial condition, a coal seam is typically saturated with water. When the water starts to be produced, dewatering reduces 
the hydrostatic pressure of the coal seam, resulting in the desorption of methane from coal matrix. The gas desorbed from 
matrix then diffuses towards the cleats as the gas transport through micropore system is driven by diffusion (Goktas and 
Ertekin, 1999). On the other hand, as illustrated in Figure 2, the fluid flow through the macropore system is laminar and 
governed by Darcy’s Law. 
 
 
Mechanism of Gas Injection 
 
CO2 Injection 
Conventional injection is usually carried out using a pure CO2 gas 
stream captured from a power plant or natural gas with high CO2 
content. It is known that the sorption capacity of CO2 for coal is 
typically 2-10 times higher than which of CH4 based on coal rank 
(Stanton, 2001). As shown in Figure 3, the injection of CO2 
causes the desorption of CH4 because CO2 is preferentially 
adsorbed onto the surface of micropore system. CH4 is then 
displaced and diffuses from coal matrix into cleat system 
(Reeves, 2001). Finally, it flows into production wells as a result 
of CO2 injection, providing a benefit of enhanced methane 
recovery. On the other hand, CO2 injected would be stored in the 
coal seams permanently and not flow out until the CO2 front 
reaches the production wells. This is an environmental friendly 
measure  to deal  with greenhouse gases, which significantly and  
Figure 2: Schematic of methane flow dynamics in a coal seam (Remner et al., 1986) 
Figure 1: Schematic of dual-porosity system (King et 
al., 1986) 
Figure 3: Mechanism of CO2 injection 
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effectively reduces the amount of CO2 emissions and saves the cost of conventional treatment for CO2. However, CO2 has a 
larger molecule than methane, resulting in the swelling of coal matrix which may reduce the cleat permeability of coal. 
Therefore, the reduction of permeability caused by CO2 injection becomes an issue which needs to be addressed during ECBM 
recovery process. 
 
N2 Injection  
The partial pressure of the methane in the free gas phase could be reduced by injecting N2 (Puri and Yee, 1990), resulting in 
the improvement of methane desorption from coal matrix. N2 injection was demonstrated to be able to reverse the loss of 
permeability induced by CO2 injection as shown by field trials of N2-ECBM projects (Shi et al., 2008; Sinayuc et al., 2011), as 
the high sweep efficiency of N2 contributes to increased permeability. Unlike CO2, coal has a much lower affinity for N2 than 
methane, so the N2 injected would be produced together with CH4, causing a rapid breakthrough of N2, which affects the 
methane purity in the produced gas and thus reduce methane quality. Thus the incremental methane recovery achieved by flue 
gas injection needs to be balanced against a higher cost of N2 removal treatment.  
 
Field Description 
The coalfield studied in this paper is located in China. 
The main mineable coal seams cover an area of 44.38 
km
2
. 76 coal-bearing structures with a total thickness of 
12.9m are observed in the licence area, including 7 coal 
seams with a thickness of 9.7m which are identified as 
minable. A geological model based on borehole data 
from 196 exploration wells was created at Imperial 
College using Isatis® initially and then converted into a 
fine grid Petrel™ model which consists of the depth and 
facies. The lithology of this coalbed model is presented 
in Figure 4: code 0 represents coal; code 1 represents 
sandstone and limestone; code 2 represents mudstone 
and clay; code 3 represents top soil.  
 
In this study, a target coal seam with a total thickness of 6.77m 
containing two layers of coal and a dirt band was selected from 
the model and then investigated. A description of the depth and 
thickness of the target coal seam from exploration well (Note the 
collar elevation is 122.35m) is listed in Table 1.  The upscaled 
model containing target coal seams used for simulation is compared 
with the original coalbed model in Table 2.                                                                                                                                                                                                                             
 
Table 2: Comparison of grid properties between original 
and upscaled model 
 Original Model Upscaled Model 
Grid Size (m
3
) 100 x 100 x 0.5 100 x 100 x 4.95 
Cells 160 x 75 x 1621 131 x 60 x 21 
Total number of 
cells 
19452000 165060 
Total number of 
defined cells 
6540051 103341 
 
 
Reservoir Parameters 
The Coal Bed Methane (CBM) simulator in Eclipse™ 300 was used to run simulations of the numerical model. The relevant 
modules of  the simulator describes the behaviour of methane adsorption, time dependent diffusion and coal 
swelling/shrinkage. A detailed description of these models can be found in Appendix B. In order to perform simulation runs 
using Eclipse™,  it is therefore required that the reservoir parameters be  assigned for the coalbed model in Petrel™. The input  
  Table 1: Depth and thickness of target coal seams 
Lithology 
Depth below sea 
level (m) 
Thickness 
(m) 
Fine Sandstone 856.05 3.0 
Sandy Mudstone 860.35 4.3 
Fine Sandstone 866.15 5.8
Sandy Mudstone 867.35 1.2 
Fine Sandstone 871.35 4.0 
Sandy Mudstone 883.85 12.5 
Fine Sandstone 895.05 11.2 
Coal 896.85 1.8 
Carbonaceous 
Mudstone 
897.05 0.2 
Mudstone 900.28 3.23 
Coal 905.25 4.97 
Mudstone 906.30 1.05 
Fine Sandstone 912.7 6.4 
Mudstone 913.3 0.6 
Figure 4: Geological model of the coalfield in China (Converted 
from Isatis® by Dr. Govindan) 
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parameters are based on the field data collected by the licensee and related literature and summarised in Table 3. The sorption 
isotherms used in the model is also plotted in Figure 5. Additional parameters required for input to the simulator are 
summarised in Appendix C. 
 
Table 3: Properties of coalbed model 
Reservoir Parameter Value 
Fracture Permeability (Face Cleat, md) 2 
Fracture Permeability (Butt Cleat, md) 1 
Fracture Porosity 0.01 
Initial Pressure (bars) 41 
Coal Density (kg/m
3
) 1405 
Sorption time (day) 0.001 
Reservoir Temperature ( ̊C) 45 
Coal Matrix Gas Saturation (%) 100 
Fracture Water Saturation (%) 67 
Ash Content (%) 16.25 
Moisture Content (%) 1.33 
 
Results and Discussion 
 
Gas-In-Place Estimation 
The gas-in-place volume of the two target coal seams was 
generated from the simulation. The result of initial gas in place 
was estimated to be 1.41 x 10
10 
m
3
 (498.1Bscf). 
 
Methodology for the Design of Field Development Plan 
The production operation was designed considering different scenarios in order to provide optimum strategy. In the first stage 
which is the primary recovery process, the comparison of the performance between vertical wells and horizontal wells was 
carried out in the study. Different well spacing of vertical and horizontal wells were investigated. The configuration and layout 
of horizontal wells were then optimized. Finally, gas injection depending on different gas composition was considered in 
ECBM recovery operation to assess the performance of horizontal wells in terms of methane recovery as well as the storage of 
carbon dioxide.  
 
CBM Recovery Process 
The CBM recovery process refers to the primary recovery which is driven by the pressure depletion during the field production. 
This study provides a comparison of horizontal well and vertical well depending on methane production in this stage without 
injection. It will be followed by an analysis of horizontal well design and optimization for further study in secondary recovery 
process.  
 
Vertical Well Performance in CBM Recovery Process 
To start with the primary recovery by pressure depletion, the coal field was simulated with all the vertical wells in 5-spot 
pattern by varying well spacing (160 acre, 80 acre, 40 acre and 20 acre). The simulation results of production rate and 
cumulative methane production were observed and analysed in order to compare the vertical well performances of methane 
production for different well spacings. In this CBM recovery simulation, a primary production  
over a period of 70 years was modelled. The methane production rate and cumulative production are plotted in Figure 6 and 
Figure 7 respectively. 
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Figure 5: Gas sorption isotherm for different components 
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Figure 6: Methane production rate of different vertical well spacings 
 
 
Figure 7: Cumulative methane production with different vertical well spacings 
 
            Table 4: Summary of the results from vertical well simulations 
Well Spacing 
( acre) 
Well 
Numbers 
30 Years Cumulative Methane 
Production (10
9
m
3
 (Bscf)) 
30 Years Recovery 
Factor 
20 243 2.24 (79.1) 15.89% 
40 121 1.77 (62.5) 12.55% 
80 61 1.38 (48.7) 9.78% 
160 32 1.08 (38.1) 7.65% 
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From the results in Table 4, it was observed that the recovery factor for a period of 30 years was increased from 7.65% to 
15.88% when the well spacing was decreased from 160 acre to 20 acre.  
    However, the recovery factor of 15.88% is very low even for a great number of 243 wells, which costs a great deal. The low 
productivity of the field might be due to the low value of fracture permeability which is believed to be the key factor 
influencing methane production based on the sensitivity analysis carried out in a previous study (Schepers et al., 2010). 
Furthermore, the significant rise of production wells only increases the recovery factor by 2%-3.5%, which is undesirable in 
the field development. It is therefore believed that other approach needs to be considered in the development plan. 
 
Horizontal Well Performance in CBM Recovery Process 
 
Design of Horizontal Well Direction 
It is believed that the application of horizontal wells could contribute to the improvement of coalbed methane recovery, since 
the control of well direction and configuration is feasible and flexible. One of the major advantages is that the direction of 
horizontal wells could be designed based on the direction of cleat in coal seams. The permeability in the direction of butt cleat 
is inherently lower than face cleat (Shi and Durucan, 1999), so the orientation of butt and face cleat in the target coal seams 
should be considered in order to obtain a drainage area with higher effective permeability. 
    The performances of horizontal and vertical wells in Arkoma were compared in a previous study (Mutalik and Magness, 
2006), which proves a better productivity of horizontal well than vertical well. In this paper, a simple test was also carried out 
before the simulation of horizontal wells applied to a real field scenario. A part of grids were randomly selected from the 
numerical model and simulated in the 2 scenarios of horizontal well: in the direction of butt cleat and face cleat. The details of 
the simulation can be found in Appendix D. 
 
         Table 5: Results of horizontal well direction test 
Horizontal Well Direction Peak Production Rate Production Cumulative (12 years) 
Along Butt Cleat 139.9m
3
/d 368837m
3
 
Along Face Cleat 102.5m
3
/d 319818m
3
 
 
The results in terms of peak rate and production cumulative are presented in Table 5, which shows that methane recovery 
grows 15.3% when horizontal well is positioned along the butt cleats instead of face cleats. Based on the results in this test, the 
horizontal well would be designed to be drilled in the direction of butt cleats, which is perpendicular to the face cleats, to 
obtain a higher methane recovery. 
 
Design of Horizontal Well Configuration  
In order to achieve a better well performance of methane production, well configuration needs to be discussed and optimised. 
Firstly, the effect of permeability on horizontal well design was investigated. A completion strategy considering the 
permeability of coal seams was illustrated in Figure 8 (Palmer, 2010), which includes all the permeability scenarios.      
 
 
Figure 9: Perm-based completion bands for CBM (Note that 
SIS is the surface to in-seam horizontal well) 
 
For the field studied in this paper, the permeability value 
belongs the first band (K<3md). Therefore, the multi-lateral 
wells were determined to be applied to this field. As the 
numerical model presented in this study mainly contains 
two target coal layers, a dual-lateral well configuration as 
shown in Figure 9 was then designed to implement in the 
field. It is noted that the vertical length of each well from 
surface to the node of horizontal lateral is in the same value  Figure 8: Designed dual-lateral horizontal well for two coal seams 
(Referenced from Oil Finance website) 
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when the simulation run of horizontal well was performed. 
 
Simulation Results of Horizontal Wells 
The model was run to produce methane for over 70 years. In the results of this simulation, the performance of 20 acre vertical 
well pattern is compared with horizontal well of different well spacings (50 acre, 75 acre, 100 acre 125 acre). At the starting 
point, the length of each horizontal well was assigned to be 1,000m. A parametric study of the lateral length will be presented 
in the next section. The simulated methane rate and cumulative production for a number of well spacing cases are shown in 
Figure 10 and Figure 11 for comparison. The description of full field pattern of each horizontal well scenario and a detailed 
analysis of the simulationcan be found in Appendix D. 
 
 
Figure 10: A comparison of methane production rate between vertical and horizontal wells with different well spacings 
 
 
Figure 11:  A comparison of cumulative methane production between vertical and horizontal wells with different well spacings 
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Table 6: Simulation results for vertical and horizontal wells 
 
For horizontal wells, it is observed that decreasing well spacing from 125 acre to 40 acre increases the cumulative methane 
production for 30 years from 2.19 x 10
9
m
3
 (77.3Bscf) to 3.01 x 10
9
m
3 
(105.9Bscf). It is noted that the production rate of 50 
acre case reaches a high rate of 819 874m
3
/day (28.98MMscf/d) at the third year but decreases dramatically after peak 
production period. However, a relatively large amount of methane could be recovered by 50 acre well spacing in early period 
of production (the first 10 years). Considering the fast economic return in early stage and injection is usually carried out when 
production rate decreases significantly to overcome the loss of productivity, the 50 acre horizontal well spacing case was still 
selected for further analysis and development. 
 
Variation of Horizontal Well Length 
The impact of horizontal well length on methane 
recovery was then investigated. The simulation of 
50 acre well spacing case was performed by 
reducing well length from 1,000m to 400m. 
Figure 12 and Figure 13 show the peak 
production rate of each well length and 
cumulative productions after 10 years and 30 
years. The simulation results for all the length are 
illustrated in Appendix D. 
    The results of different well lengths show that 
the total production of 30 years decreases from 
3.01 x 10
9
m
3 
to 2.07 x 10
9
m
3
, while the peak 
production rate reduces from 819874m
3
/day to 
269212m
3
/day since the well length was varied 
from 1000m to 400m. Figure 13 shows that a 
larger reduction is observed in 10 years’ 
cumulative methane production compared to 30 
years’ methane cumulative for a shorter well 
length. This indicates the variation of well length 
has a more significant effect on the period of 
early production. On the other hand, the 
improvement of well productivity in the length 
range of 400m-600m is more pronounced than 
800m-1000m, which means the length control is 
more influential in the low range of horizontal 
well length. 
 
Summary of CBM Recovery Operation 
Through the analysis in above section, simulation 
runs were performed based on different vertical 
well spacing in order to compare well 
performances. Horizontal wells were demonstrated to be more productive than vertical wells, which is also able to reduce the 
numbers of wells significantly. The multi-lateral well was determined in the design of completion strategy due to the low value 
of permeability in this coal field. A dual-lateral well was then selected as the effective well configuration based on the 
geological condition of the coal seams.  Horizontal well spacing and length were also investigated numerically. Finally, a 
CBM  recovery strategy  with horizontal well of 50 acre well  spacing and well length of 1000m  were  determined  for  further  
Well Spacing 
( acre) 
Well 
Numbers 
10 Years Cumulative Methane 
Production (10
9
m
3
 (Bscf)) 
30 Years Cumulative Methane 
Production (10
9
m
3
 (Bscf)) 
30 Years Recovery 
Factor 
20 (Vertical) 243 1.47 (51.9) 2.24 (79.1) 15.89% 
125 (Horizontal) 52 1.39 (49.1) 2.19 (77.3) 15.53% 
100 (Horizontal) 70 1.69 (59.7) 2.57 (90.7) 17.94% 
75 (Horizontal) 90 1.82 (64.3) 2.85 (100.6) 20.21% 
50 (Horizontal) 114 2.14 (75.6) 3.01 (105.9) 21.34% 
0
200000
400000
600000
800000
1000000
1000m 900m 800m 700m 600m 500m 400m
Peak Production Rate (m3/Day) 
Figure 12: Peak production rate of different horizontal well length 
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Figure 13: Cumulative methane production of different horizontal well length 
after 10 and 30 years 
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analysis and simulation in next stage of study.  Based on the selection of 50 acre well spacing, 114 horizontal wells including 
76 production wells and 38 injection wells will be drilled into the coalfield. 
 
ECBM Recovery Process – Flue Gas Injection 
Flue gas (approximately 87% N2 and 13% CO2) from fossil fuel power plants could be used for gas injection as another 
effectively economic and environmental method. In order to achieve both of enhanced methane recovery and CO2 storage, an 
injection mixture of flue gas enriched CO2 was selected for ECBM recovery operation. The selected injection approach 
coupled with the use of horizontal well as discussed above was investigated numerically considering the change of 
permeability using a permeability model. The well performances in terms of methane recovery, produced gas quality and CO2 
storage capacity were assessed in the simulation and will be discussed below. 
 
Permeability Model 
As discussed above, it is believed that the permeability of coal does not keep constant during gas injection process. The 
permeability has a potential to be reduced over one-order magnitude by injecting binary gas mixture of CO2 and N2 in previous 
study (Durucan and Shi, 2009). It is therefore important to simulate the coalbed reservoir behaviours involving the change of 
permeability. The reduction of permeability by injecting CO2 and the increase of permeability by injecting N2 (coal 
swelling/shrinkage) were taken account into the simulation using a permeability model. In the simulator of Eclipse, the 
permeability model used is the extended Palmer-Mansoori Model (Palmer and Mansoori, 1998; Mavor and Vaughn, 2004), 
which is able to be used for multi-component gases. For more detail of this permeability model, it is summarized in Appendix 
B. 
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Where: 
0k = initial permeability; 0 = initial porosity; n  = exponent of the porosity-permeability relationship; 0V = pore volume 
at the initial composition and pressure; 
0P = initial pressure; K = bulk modulus; M = constrained axial modulus. 
The formula of terms
ke , mc , M  and K  are given below respectively: 
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Where: 
kk  , = Langmuir curve parameters and matrix swelling/shrinkage parameters of component k; ka =adsorbed mole fraction 
of component k; f = fraction between 0-1;  = grain compressibility; E = Young’s modulus; v = Poisson’s ratio. 
The input values for simulation are summarized in Table 7, it is note that the bulk modulus ( K ) and constrained axial 
modulus ( M ) were calculated using Poisson’s ratio ( v ) of 0.21 and Young’s modulus ( E ) of 35921.6bars based on the 
published papers (Mavor and Vaughn, 2005). 
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          Table 7: Parameters input to the simulator 
Parameter Unit Value 
Exponent of the porosity-permeability relationship, n  - 3 
Grain compressibility,   1/bars 0.0141 
Bulk modulus, K  bars 20615.3 
Constrained axial modulus, M  bars 40403.2 
Fraction, f  - 0.5 
Strain of component k, k  
CH4 
 
- 
0.01300 
CO2 0.01593 
N2 0.00774 
Langmuir curve parameter of component k, k  
CH4 
1/bars 
0.0446 
CO2 0.1104 
N2 0.0155 
 
Horizontal Well Pattern 
A three-horizontal-well pattern is suggested to optimise the 
gas injection efficiency. This three-well pattern includes two 
producers on the sides and one injector positioned in the 
middle. As shown in Figure 14, the red well represents the 
injector while the white well represents producer. The 
horizontal wells are drilled along the direction of Y-axis 
which is perpendicular to face cleat. In order to maximise 
methane recovery, all the injection wells were designed for 
production in the CBM recovery operation. On the other hand, 
the bottom-hole pressure (BHP) of each well needs to be 
controlled. For instance, the BHP constrain of injectors was 
set to 1.5 times of reservoir initial pressure in order to prevent 
potential fracturing of the coal seams (Durucan and Shi, 2009). 
The limits of BHP for both injection and production well are 
illustrated in the Table 8. 
 
Table 8: BHP control of producer and injector 
 
 
 
 
Simulation Results for Gas Injection 
In this study, the performance of horizontal wells (50 acre, well length of 1,000m) with CO2 enriched flue gas injection was 
assessed by varying injected gas composition (Pure CO2, 75% CO2/25% N2, 50% CO2/50% N2, 25% CO2/75% N2 and flue 
gas). Simulation runs of ECBM recovery process were performed at the sixth year after primary recovery and lasted over a 
period of 50 years. 
 
Coalbed Methane Recovery 
The simulation results in terms of methane production rate and cumulative production are plotted in Figure 15 and Figure 16. 
At the beginning of injection, the production rate goes down as the central production well in each pattern is converted to an 
injection well. The methane flowrate then increases as a result of gas injection. It is observed that N2 plays a most significant 
role in enhancing methane recovery, since the production rate goes up more rapidly with increasing proportion of N2 in the 
injected mixture. The incremental cumulative methane productions for all cases after injection of 25 years (30 years’ 
production) compared with CBM recovery without injection for 30 years are summarized in Table 9. It is observed that the 
incremental methane production of pure CO2 injection is very small compared to the flue gas injection. This can be explained 
by the permeability loss due to the CO2 injection. On the other hand, flue gas proves to be the best injection scenario to recover 
a large amount of methane in place. 
 
BHP Type Pressure Limit 
Minimum Production BHP (bars) 1.5 
Maximum Injection BHP (bars) 61.5 
Figure 14: Three-well pattern including one injection well and 
two production wells 
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Figure 15: Methane production rate of different injection scenarios 
 
 
Figure 16: Cumulative methane production of different injection scenario 
 
         Table 9: Incremental methane production over a period of 30 years 
Injected 
Gas Composition 
30 Years Cumulative 
Production (10
9
m
3
 (Bscf)) 
Incremental Production 
(10
9
m
3
 (Bscf)) 
30 Years 
Recovery Factor 
No Injection 3.01 (105.9) - 21.34% 
Pure CO2 3.92 (137.9) 0.91 (32) 27.80% 
75% CO2 / 25% N2 4.77 (167.8) 1.76 (61.9) 33.83% 
50% CO2 / 50% N2 5.6 1 (197.4) 2.60 (91.5) 39.79% 
25% CO2 / 75% N2 6.41 (226.3) 3.40 (109.4) 45.46% 
13% CO2 / 87% N2 6.82 (241.6) 3.81 (135.7) 48.37% 
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Produced Methane Purity 
As the sorption capacity of N2 is the smallest among the three gases (CO2 > CH4 > N2) in the flow system, a large amount of 
N2 would not be adsorbed into coal but remain in free phase and be produced with methane, leading to an early breakthrough 
of N2. Therefore, the N2 breakthrough was observed in terms of the mole fraction of N2 in produced gas stream for each 
injection scenario in Figure 17. 
From the simulations, it was predicted that the earliest and latest N2 breakthrough occur after injection of 2.5 years and 9 years 
respectively for flue gas and 75%CO2/25%N2 gas composition. The more proportion of N2 is injected, the larger mole fraction 
of N2 flows out with produced methane. For the N2-rich cases (flue gas, 25CO2/75%N2), it is clearly indicated that the molar 
percentage of  methane is less than 50% in produced gas mixture after injection of 25 years. 
 
Figure 17: The mole fraction of N2 in produced gas stream of different gas injection scenarios 
 
CO2 Storage Capacity 
The CO2 stored in coal seams after 
injection of 25 years was also 
estimated in this study. Figure 18 
shows the results of CO2 storage 
capacity for each case of gas 
injection. The total amount of CO2 
stored increases as flue gas is 
enriched with an increasing 
proportion of CO2 from 13% to 75% 
in injection mixture. It is interesting 
to note that CO2 stored by injecting 
pure CO2 is even less than the 
injected composition containing a 
lower concentration of CO2 (75%), 
which is possibly due to the loss of 
CO2 injectivity.  
 
Discussion of ECBM Recovery Operation 
For the selected base case consisting of 114 horizontal wells (76 producers and 38 injectors) with the three-well pattern of 50 
acre well spacing, a peak production rate of 9.93 x 10
5
m
3
/day (35.1MMscf/day) and a highest cumulative methane production 
of 30  years can  be  achieved  by  injecting flue gas, which is 6.82 x 10
9
m
3
  (241.6Bscf). However,  the early N2  breakthrough  
0.00E+00
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1.50E+09
2.00E+09
2.50E+09
3.00E+09
3.50E+09
4.00E+09
4.50E+09
Pure CO2 75CO2/25N2 50CO2/50N2 25CO2/75N2 Flue Gas
Total CO2 Stored After 25 Years Injection (m3)  
Figure 18: The amount of CO2 stored in coal seams of different gas injection scenario 
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caused by flue gas flooding would result in deterioration in the produced gas quality. Approximately 61% in the produced gas 
stream is N2 at the end of 30 years, so the additional cost of gas processing would be required for removal of N2. On the other 
hand, the most effective injection composition with emphasis on CO2 storage of 30 years is the mixture of 75%CO2/25%N2 
which is able to store a CO2 volume of 3.86 x 10
9
m
3
 (135.8Bscf). 
  
    In order to optimize the strategy for the coal field development, the ECBM recovery operation is determined depending on 
the priority of methane production or CO2 storage. The determination could then be made considering the results obtained in 
the simulation. If the volume of CO2 stored is the most desirable objective, the injection of a 75%/25% mixture of CO2 and N2 
would be implemented for the ECBM recovery process. The flue gas injection which provides best performance in enhancing 
methane recovery is selected when methane production is a priority, even though it would cause a high cost of separating N2 
from methane such as the installation of N2 rejection units (NRUs). From the methane purity point of view, the proper 
placement of production wells considering the regional response to N2 injection would be able to delay N2 breakthrough and 
mitigate the produced gas quality (Haytham, 2010). 
    It is suggested (Durucan and Shi, 2008) that CO2 enriched flue gas composition be used for injection to achieve an optimum 
balance between enhancing methane recovery,  maintaining produced methane purity and  maximising the volume of CO2 
stored in the coal seams. In this paper, this balance proves to be achieved by injecting a mixed gas (50%CO2/50%N2) to 
optimize methane production (5.61 x 10
9
m
3
 (197.4Bscf)) as well as CO2 storage (2.60 x 10
9
m
3
 (91.5Bscf)) at an acceptable 
level of methane purity (68.5%). It is observed that the cumulative methane production of this optimum case is 3.2 times larger 
and a half mole fraction is presented compared to the injection for CO2 storage. On the other hand, the total CO2 stored in the 
coal seams also increases to three times larger than the case with priority of methane production. The results of the three 
injection approaches suggested based on the different consideration are summarised in Table 10. 
 
           Table 10: Summary of suggested injection strategies for field development 
 
Sensitivity Analysis 
The numerical model used in this study may cause uncertainty issues as insufficient data were provided due to the lack of core 
data. Therefore, a sensitivity analysis was carried out to address the uncertainty of the parameters input to the coalbed model 
and improves the results of simulation. It is necessary to conduct a parametric study on the numerical model in order to assess 
the well performance based on a wide range of geological data of the coal seams. The ‘High’, ‘Low’ and ‘Base’ cases were 
designed for the value of each uncertain parameter, which were quantified through the sensitivity analysis. In this analysis, the 
effect of the geological condition on cumulative methane production for the 50 acre horizontal well pattern with flue gas 
injection was investigated using the values of each parameter assigned from ‘High’, ‘Low’ and ‘Base’ cases. The values 
assigned in each case are summarized in Table 11. 
 
             Table 11: Parameters used in sensitivity study 
Reservoir Parameter Low Case Base Case High Case 
Fracture Permeability (Face Cleat, md) 0.5 2 5 
Fracture Permeability (Butt Cleat, md) 0.25 1 2.5 
Fracture Porosity 0.005 0.01 0.015 
Initial Pressure (bars) 32 41 50 
Coal Density (kg/m
3
) 1305 1405 1505 
Sorption time (day) 1 x 10
-6 
0.001 0.1 
Reservoir Temperature ( ̊C) 35 45 55 
Coal Matrix Gas Saturation 75% 100% - 
Fracture Water Saturation 40% 67% 85% 
 
 
Development Priority 
Optimum 
Injection Mixture 
Cumulative Methane 
Production 
(10
9
m
3
 (Bscf)) 
Volume of 
CO2 Stored 
(10
9
m
3
 (Bscf)) 
N2 Mole 
Fraction 
Methane Production Flue Gas 6.82 (241.6) 0.85 (29.9) 60.7% 
CO2 Storage 25%N2/75%CO2 1.76 (62.3) 3.86 (135.8) 11.2% 
Balance between Methane Production, 
CO2 Storage and Gas Quality 
50%N2/50%CO2 5.61 (197.4) 2.60 (91.5) 31.5% 
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The tornado plot is presented in this analysis in order to 
show the comparison of the sensitivities of each 
parameter. The results obtained from this sensitivity 
analysis are shown in Figure 19, which orderly 
indicates the impact of each parameter on cumulative 
methane production. The axis in the middle of this 
graph represents the base case selected for the study 
which has a cumulative methane production of 6.82 x 
10
9
m
3
. The cumulative methane production based on 
the high and low values assigned for each parameter are 
represented by red and blue column respectively. As 
shown in this tornado chart, fracture permeability is 
plotted on the top since it has the most significant effect 
on methane production. It is followed by the initial gas 
saturation and initial pressure of the coal seams which 
are also influential parameters on methane recovery. 
Furthermore, it needs to be highlighted that the 
production is enhanced in the cleat with lower porosity. 
Considering the negligible change of cumulative 
methane production, sorption time is demonstrated to 
be the parameter of coal with the least significant 
influence on methane recovery in this study. The details 
of each parametric study are described in Appendix E. 
 
Conclusions 
Through the reservoir simulation which assesses the performance of gas injection coupled with the use of horizontal wells, the 
evidence of ECBM potential was provided to the coal field in China. The conclusions drawn from this study are summarized 
as follows: 
1. The productivity of methane could be improved by applying horizontal wells to the field production instead of 
vertical wells, especially for the coal field with low permeability. The selected well layout is a three-horizontal-well 
pattern consisting of 114 horizontal wells with 50 acre well spacing in the study. 
2. Methane production has benefited from the controllable well configuration of horizontal wells including well 
direction, spacing, length and number of laterals. A dual-lateral horizontal well with lateral length of 1000m was 
recommended as an optimum well configuration to enhance methane recovery. 
3. During the ECBM recovery process, incremental methane recovery could be significantly improved by lowering the 
concentration of CO2 enriched in flue gas composition, for the most productive case (flue gas), a methane volume of 
6.82 x 10
9
m
3
 (241.6Bscf) was produced for 30 years. The injection mixture with high N2 content would lead to a low 
methane purity, which requires an additional cost of separating N2 from methane or preventing N2 breakthrough. If 
CO2 storage is priority, the injection composition was determined to be the mixture of 75%CO2/25%N2, which is able 
to store a CO2 volume of 3.86 x 10
9
m
3
 (135.8Bscf). 
 
 
4. The binary gas mixture of CO2 and N2 was recommended for injection when methane production, CO2 storage and 
produced gas quality were all taken account into the consideration of field development. For this injection scenario, it 
produced the methane of 5.61 x 10
9
m
3
 (197.4Bscf) with purity of 68.5% and stored the CO2 of 2.60 x 10
9
m
3
 
(91.5Bscf). 
5. From the results of sensitivity analysis, fracture permeability, initial gas saturation and initial pressure proves to be 
the parameters with large impact on methane production. It is therefore required these parameters be precisely 
estimated to improve reliability and accuracy of CBM simulation.       
 
Suggestions for further work 
It is suggested that the simulator METSIM2 (Korre et al., 2007), which includes an extended permeability model (Shi and 
Durucan, 2005), be used for simulation. This permeability model accounts for the permeability changes induced by matrix 
swelling as well as shrinkage, and associated impact on injectivity during ECBM recovery. As the model has been successfully  
Figure 19: Tornado plot indicating the influence of different reservoir 
parameters on cumulative methane production 
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applied to the simulation of flue gas injection, the use of METSIM2 
would be able to improve the accuracy of simulation results in this 
study. Furthermore, the dual-lateral well used in this study could be 
extended to a pinnate pattern of multi-lateral wells (Spafford, 2007) as 
shown in Figure 20, which might be able to improve methane 
production. Finally, an economic analysis which covers all the cost 
including drilling and gas injection should be carried out to finalize the 
field development plan. 
 
Nomenclature 
a =  Adsorbed mole fraction  
β =  Langmuir curve parameters , 1/bars 
έ =  Matrix shrinkage parameters  
E =  Young’s modulus, bar 
F =  Fraction between 0-1 
k0 =  Initial permeability, md 
K =  Bulk modulus, bar 
M =  Constrained axial modulus, bar 
n =  Exponent of the porosity-permeability relationship 
P0 =  Initial pressure, bar
 
v =  Poisson’s ratio 
V0 =  Pore volume at the initial composition and pressure, m
3
 
0  =  Initial porosity 
  =  Grain compressibility, 1/bars 
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Appendix A: Critical Literature Review 
 
Table A-1: Milestones in the study of flue gas and horizontal well ECBM recovery 
Paper Year Title Authors Contribution 
SPE Journal, Vol 3, 
No 3, Pages 245-
255 
1963 
The Behavior of Naturally 
Fractured Reservoirs 
J. E. WARREN, 
P. J. ROOT. 
 
This paper was the first to develop a dual-porosity 
model for a naturally fractured reservoir, which can be 
used for characterisation of coal seams. 
SPE 12258 1986 
Numerical Simulation of the 
Transient Behavior of Coal-
Seam Degasification Wells 
 
Gregory R. King, 
Turgay Ertekin, 
Fred C. 
Schwerer. 
 
This paper was the first to develop a numerical model 
for the simulation of CBM. Instead of the equilibrium 
model which is not applicable for gas-sorption, a non-
equilibrium model is established and used in 
degasification wells to predict negative gas decline 
when two phases are flowing.  
SPE Reservoir 
Engineering, Vol 2, 
No 1, Pages 29-34 
 
1987 
Reservoir Engineering in Coal 
Seams: Part 1-The Physical 
Process of Gas Storage and 
Movement in Coal Seams 
Lan Gray. 
This paper was the first to analyse the movement of 
gas in coalbed and quantify the influence of matrix 
shrinkage on permeability of coal seams. 
SPE 18945 1989 
A Geologic and Coalbed 
Methane Resource Analysis of 
Menefee Formation in the San 
Juan Basin, Southwestern 
Colorado and Northwestern 
New Mexico 
T.E. Crist; C.M. 
Boyer; B.S. 
Kelso. 
The investigation of substantial methane resource in 
coal seams results in the world’s first ECBM recovery 
development which is applied in the San Juan Basin. 
SPE 48881 1998 
Enhanced Coalbed Methane 
Recovery Using CO2 Injection: 
Worldwide Resource and CO2 
Sequestration Potential 
Scot H. Stevens, 
Denis Spector, 
Pierce Riemer. 
 
This paper reviews the reservoir characteristics which 
has impact on ECBM using CO2 injection and define 
the key screening criteria for locating appropriate 
areas in coal seams for CO2-ECBM. 
SPE 75669 2002 
Numerical Simulator 
Comparison Study for 
Enhanced Coalbed Methane 
Recovery Processes, Part I: 
Pure Carbon Dioxide Injection 
David H.-S. Law, 
L.G.H. (Bert) van 
der Meer, W.D. 
(Bill) Gunter. 
This paper was the first comparison study of numerical 
simulators for ECBM recovery and CO2 storage in coal 
seams. 
SPE 91391 2004 
Economics for Enhanced 
Coalbed Methane (ECBM) and 
CO2 Sequestration with 
Horizontal Wells 
Sinisha A. Jikich, 
Grant S. 
Bromhal, W. 
Neal Sams, F.  
This paper presents a detailed analysis in economic 
terms and demonstrated the significant parameters 
which need to be considered for economic viability of 
an ECBM project. 
 
SPE 87230 
 
2005 
A Model for Changes in 
Coalbed Permeability During 
Primary and Enhanced 
Methane Recovery 
 
Sevket Durucan, 
Ji-Quan Shi. 
A new dynamic permeability model in which matrix 
shrinkage swelling is proportional to the volume of 
desorbed/adsorbed gas instead of sorption pressure 
difference was developed for primary CBM recovery 
and extended for ECBM recovery and CO2 storage 
International 
Journal of 
Greenhouse Gas 
Control I Pages 
492-501 
2007 
Coalbed Methane Reservoir 
Data and Simulator Parameter 
Uncertainty Modelling for CO2 
storage performance 
assessment 
Anna Korre, Ji-
Quan Shi, Claire 
Imrie, Carlos 
Grattoni, Sevket 
Durucan 
The coal seam parameters were investigated to 
address their variability and uncertainty. This paper 
demonstrated that a lower swelling coefficient is 
expected during ECBM, as it will be able to limit the 
loss of infectivity caused by coal matrix swelling.  
SPE 114197 2008 
Modelling of Mixed-Gas 
Adsorption and Diffusion in 
Coalbed Reservoirs 
 
Ji-Quan Shi, 
Sevket Durucan. 
 
This paper reviews the modelling of gas transport in 
coalbeds (conventional approach and ECBM), which 
establish confidence in numerical model for CBM. 
International 
Journal of Coal 
Geology 77 Pages 
214–221 
 
2009 
Improving the CO2 well 
injectivity and enhanced 
coalbed methane production 
performance in coal seams 
Sevket Durucan, 
Ji-Quan Shi 
 
This paper discussed the significance of flue gas 
injection which could be more economic and achieves 
an optimised balance between methane recovery and 
gas purity. 
 
SPE 141129-STU 2010 
Effect of Various Injected 
Gases on Methane Recovery 
and Water Production in 
Enhanced Coalbed Methane 
Operations 
Marijan Jamshidi 
The study conducted on the reduction of water 
production in ECBM recovery process provides a new 
strategy which enhances methane recovery and 
produces less water. 
 
 
SPE 139723 
2010 
Enhanced Gas Recovery and 
CO2 Storage in Coal Bed 
Methane Reservoirs: 
Optimized Injected Gas 
Composition for Mature Basins 
of Various Coal Rank 
Karine 
Schepers; Anne 
Oudinot; Nino 
Ripepi. 
 
This paper presents an approach combined Monte 
Carlo analysis with parametric study which is able to 
optimize the composition of gas injection.  
Energy Procedia 4 
Pages 2150-2156  
 
2011 
Implementation of horizontal 
well CBM/ECBM technology 
and the assessment of 
effective CO2 storage capacity 
in a Scottish coalfield 
 
Caglar Sinayuc, 
Ji-Quan Shi, 
Claire E. Imrie, 
S. Amer Syed, 
Anna Korre, 
Sevket Durucan. 
This paper presents a study of ECBM recovery 
performance assessment involving an optimum 
horizontal well simulation in a real field. 
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SPE Journal, Volume 3, Number 3, Pages 245-255 (1963) 
 
The Behavior of Naturally Fractured Reservoirs 
 
Authors: 
J. E. WARREN, P. J. ROOT. 
 
Contribution: 
This was the first to develop a dual-porosity model for a naturally fractured reservoir, which can be used 
for characterisation of coal seams. 
 
Objective: 
The objective of this study is to investigate the characteristic behaviour of the naturally fractured 
reservoir by developing an idealized model. 
 
Methodology used: 
Two kinds of porosity are defined and the assumptions which are made to develop the model are 
presented as well. An investigation is then conducted to improve the description with dual porosity. 
Unsteady-state flow and build-up performance are examined and described after the model is developed. 
 
Conclusion: 
The deviation of the behaviour between a dual porosity medium and a homogenous porous medium can 
be characterized by two parameters which are ω (the fluid capacitance of the secondary porosity) and λ 
(related to the scale of heterogeneity of the system). 
 
Comment: 
This dual-porosity model is suitable for the description of coalbed reservoirs and can be used further in 
primary coalbed methane recovery, because natural fractures are distributed regularly throughout the coal 
seams. 
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SPE 12258 (1986) 
 
Numerical Simulation of the Transient Behavior of Coal-Seam Degasification Wells 
 
Authors: 
Gregory R. King, Turgay Ertekin, Fred C. Schwerer. 
 
Objective: 
To describe the mathematical and numerical developments for a series of finite-difference models that 
simulate the simultaneous flow of water and gas through dual-porosity coal seams during the 
degasification process. 
 
Contribution: 
This was the first to develop a numerical model for the simulation of CBM. Instead of the equilibrium 
model which is not applicable for gas-sorption, a non-equilibrium model is established and used in 
degasification wells to predict negative gas decline when two phases are flowing.  
 
Methodology used: 
The macropore gas transport equation is established initially. The non-equilibrium sorption formulation is 
then used to develop the model as well as the quasisteady-state. The significance of this model is 
demonstrated by a series of two-phase computer runs and history matching with the performance of 
unstimulated and hydraulically stimulated degasfication wells. 
 
Conclusion: 
This model is successfully tested against both stimulated and unstimulated degasfication wells in coal 
fields. It is also can be applied to other unconventional gas reservoir which has significant gas sorption. 
 
Comment: 
This paper presents a basic description of the use of CBM simulator in degasification wells. The two 
porosity systems of coal seams are characterized as well as the two consequences of permeability’s 
dependence. 
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SPE Reservoir Engineering, Volume 2, Number 1, Pages 29-34 (1987) 
 
Reservoir Engineering in Coal Seams: Part 1-The Physical Process of Gas Storage and Movement in Coal 
Seams 
 
Authors:  
Lan Gray. 
 
Contribution: 
This was the first to analyse the movement of gas in coalbed and quantify the influence of matrix 
shrinkage on permeability of coal seams. 
 
Objective: 
To describe the physical behaviours of gas movement and storage in coal seams and present a theory to 
explain the variations of coal permeability. 
 
Methodology used: 
The study is conducted on a coal seam in the Bowen basin, Australia. Cleat permeability of coalbed is 
observed and measured, a relationship between permeability and effective stress is then developed to 
illustrate the effect of shrinkage changes on the permeability. 
 
Conclusion: 
The storage and permeability characteristics of coal seems require that an approach substaintianally 
different from that for conventional gas reservoirs be used to assess their performance.  
 
Comment: 
This paper provides an analysis of gas storage in coal seams and variation of permeability in terms of 
effective stress. For example, the Effective stress reduced as a result of coal shrinkage due to gas 
desorption, indicting the permeability vary with the changes of stress.  
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SPE 18945 (1989) 
 
A Geologic and Coalbed Methane Resource Analysis of Menefee Formation in the San Juan Basin, 
Southwestern Colorado and Northwestern New Mexico 
 
Authors:  
T.E. Crist, C.M. Boyer, B.S. Kelso. 
 
Objective: 
To determine the geology and estimate the quantity of in-place natural natural gas for the coal beds in the 
San Juan Basin. 
 
Contribution: 
The investigation of substantial methane resource in coal seams results in the world’s first ECBM 
recovery development which is applied in the San Juan Basin. 
 
Methodology used: 
Geologic maps are generated using Meneffe Formation and its associated coal beds stratigraphic data 
obtained from 600 wells which are drilled into Mesaverde Group in the San Juan Basin. Coal rank, 
thickness and depth are also assessed for the gas in place estimate.  
 
Conclusion reached: 
The gas in place estimate was 38 trillion cubic feet of methane with 145 billion tonnes of coal in this 
coalbed reservoir. 
 
Comment: 
No direct gas content measurements and recovery factor applied, so the gas in place values based on an 
extrapolation of gas content and variations in coal rank are preliminary, but it is sufficient for further 
development.  
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SPE 48881 (1998) 
 
Enhanced Coalbed Methane Recovery Using CO2 Injection: Worldwide Resource and CO2 Sequestration 
Potential 
 
Authors:  
Scot H. Stevens, Denis Spector, Pierce Riemer. 
 
Objective: 
To examine CO2-ECBM potential with associated CO2 storage potential in worldwide coalbed fields.  
 
Contribution: 
This paper reviews the reservoir characteristics which has impact on ECBM using CO2 injection and 
define the key screening criteria for locating appropriate areas in coal seams for CO2-ECBM. 
(Homogeneous Reservoir, Simple structure, Adequate permeability, Optimal depth window, Coal 
Geometry, Gas saturated conditions) 
 
Methodology used: 
The analysis of CO2-ECBM potential based on the application of Allison Unit pilot and coal seams 
screening criteria was carried out to rank the potential of worldwide fields. 
 
Conclusion: 
The best country for successful commercial development of CO2- ECBM technology is the United States, 
Australia is likely to be the second. The potential for simultaneous ECBM and CO2 storage is 
demonstrated to be feasible and favourable. 
 
Comment: 
The detailed description of screening criteria and rank of potential for different countries provide a good 
review for the specific aspect of CO2-ECBM.  
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SPE 75669 (2002) 
 
Numerical Simulator Comparison Study for Enhanced Coalbed Methane Recovery Processes, Part I: Pure 
Carbon Dioxide Injection 
 
Authors: 
David H.-S. Law, L.G.H. (Bert) van der Meer, W.D. (Bill) Gunter. 
 
Contribution: 
This paper was the first comparison study of numerical simulators for ECBM recovery and CO2 storage 
in coal seams. 
 
Objective: 
This study aims to provide evidence and confidence to improve the existing numerical modelling of the 
ECBM recovery process. 
 
Methodology used: 
Initially, the features of 5 simulators (GEM, ECLIPSE, COMET 2, SIMED II and GCOMP) are 
described and compared. The two test problems, which concern a single well test with pure CO2 injection 
and CO2-ECBM recovery in an inverted five-spot pattern respectively, are then selected to model the 
primary recovery. In addition, there are more sets of tests are developing to improve simulators for more 
complicated cases and history matching 
 
Conclusion: 
It can be concluded that the results of different simulators reached a good agreement, which establish a 
confidence in the use of these simulators. 
 
Comment: 
This paper gives the good results between different simulators, which are necessary for the application 
for CBM simulators. However, the first two tests that carried out are relatively simple, which might not to 
be technically applicable for all cases. Fortunately, more comparison study of complex test is ongoing. 
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SPE 91391 (2004) 
 
Economics for Enhanced Coalbed Methane (ECBM) and CO2 Sequestration with Horizontal Wells 
 
Authors: 
Sinisha A. Jikich, Grant S. Bromhal, W. Neal Sams, F. Burcu Gorucu, Turgay Ertekin, Duane H. Smith 
 
Contribution: 
This paper presents a detailed analysis in economic terms and demonstrated the significant parameters 
which need to be considered for economic viability of an ECBM project. 
 
Objective: 
To investigate the cost and design an optimum economical ECBM/storage project using horizontal wells 
in Northern Appalachian basin. 
 
Methodology used: 
A dual propsity compositional CBM simulation is performed for horizontal well design for optimum 
balance between methane recovery and CO2 storage. NPV analysis is then conducted on the evaluation of 
economics, including the impact of tax incentives. 
 
Conclusion: 
It is demonstrated that an ECBM operation is applicable and economical. The net cost of CO2 has the 
most significant impact on the economics of an ECBM project. High permeability of coal seams and low 
injection pressures contributes to optimizing ECBM economics. 
 
Comment: 
In this analysis, the Net Present Value are fully described and used to determine optimum economical 
operation of ECBM and CO2 storage, which is an accurate and effective approach for economic 
evaluation.    
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SPE 87230 (2005)  
 
A Model for Changes in Coalbed Permeability during Primary and Enhanced Methane Recovery 
 
Authors:   
Sevket Durucan, Ji-Quan Shi. 
 
Objective: 
The objective of this study is to develop a new stress formulation by making a direct connection between 
the amount of gas desorbed and the volumetric strain. 
 
Contribution:  
A new dynamic permeability model in which matrix shrinkage swelling is proportional to the volume of 
desorbed/adsorbed gas instead of sorption pressure difference was developed for primary CBM recovery 
and extended for ECBM recovery and CO2 storage. 
 
Methodology used: 
It is assumed that the absolute permeability of coalbeds varies exponentially with changes in effective 
horizontal stress, below is the model for primary production: 
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It is then extended for ECBM recovery: 
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Conclusion: 
The model was applied successfully to match the estimated increase in the absolute permeability of the 
San Juan basin. The extended model for ECBM was also demonstrated to be feasible by history matching. 
 
Comment: 
This new model which accounts for matrix swelling and shrinkage associated with adsorption/desorption 
of gas mixtures is more complete than previous models. 
 
 
 
 
 
 
Performance Assessment of Horizontal Wells and Flue Gas Injection for Enhanced Coalbed Methane Recovery                                             26 
 
SPE 114197 (2008) 
 
Modelling of Mixed-Gas Adsorption and Diffusion in Coalbed Reservoirs 
 
Authors:  
Ji-Quan Shi, Sevket Durucan. 
 
Contribution: 
This paper reviews the modelling of gas transport in coalbeds (conventional approach and ECBM), which 
establish confidence in numerical model for CBM. 
 
Objective: 
To address mixed-gas adsorption and diffusion modelling in coal seams. 
 
Methodology used: 
Initially, the conventional approach for coalbed simulation is described, followed by a discussion about 
the limitation of this method and recent development in mixed-gas adsorption and diffusion modelling. A 
parametric study is then conducted to assess the sensitivity of the simulation. 
 
Conclusion: 
The extended quasi-steady state diffusion equation combined with the extended can be used to model 
mixed-gas diffusion in coal fields. The Maxwell-Stephen equation provides a more rigorous theoretical 
treatment of multicomponent diffusion in coalbeds, which accounts for interactions between the different 
gas components in the system. The extra input data such as binary diffusion coefficient is required for 
MS equation. The simulation sensitivity study indicates that N2 sorption is over-estimated by at least 20%. 
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International Journal of Coal Geology 77 (2009) 214–221 
 
Improving the CO2 well injectivity and enhanced coalbed methane production performance in coal seams 
 
Authors:  
Sevket Durucan, Ji-Quan Shi 
 
Objective: 
This is to investigate horizontal well performance of ECBM and CO2 storage in unminable thin coal beds. 
 
Contribution: 
This paper discussed the significance of flue gas injection which could be more economic and achieves 
an optimised balance between methane recovery and gas purity. 
 
Methodology used: 
Numerical simulation is performed with different purpose, for example, to assess the change in injectivity 
caused by gas injection using permeability model, and to investigate the impact of horizontal well length 
on well performance. The well performances based on different case in gas injection are then compared. 
 
Conclusion: 
The application of long horizontal wells is able to significantly enhance methane recovery.  
The mixture of flue gas and CO2 stream is optimum option for gas injection. 
 
Comment: 
All the detailed knowledge provided from simple to technical in the optimized gas injection and 
numerical study of well performance is very useful. The huge amount of investigations of existing 
research indicates a high level of authority. 
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SPE 141129-STU (2010) 
 
Effect of Various Injected Gases on Methane Recovery and Water Production in Enhanced Coalbed 
Methane Operations 
 
Authors:  
Marijan Jamshidi 
 
Contribution: 
The study conducted on the reduction of water production in ECBM recovery process provides a new 
strategy which enhances methane recovery and produces less water. 
 
Objective: 
To investigate the amount of water and methane produced in ECBM recovery process and the effect of 
sorption characteristics and cleat spacing on production. 
 
Methodology used: 
A 3D numerical model of coalbed with an aquifer is developed as a function of aquifer strength, cleat 
spacing and sorption characteristics. Primary production and different gas composition of injection for 
ECBM are then simulated to assess the performance of methane recovery and water production.  
 
Conclusion: 
It can be concluded that a smaller size of cleat spacing will have a larger water production and methane 
recovery. Flue gas injection is the optimum injection plan which enhances methane recovery and 
minimizes water production. 
 
Comment: 
This paper discusses the performance assessments of different gas injection and provides guidelines for 
water production for production reduction. However, the storage of CO2 is not considered. 
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SPE 139723 (2010) 
 
Enhanced Gas Recovery and CO2 Storage in Coal Bed Methane Reservoirs: Optimized Injected Gas 
Composition for Mature Basins of Various Coal Rank 
 
Authors:  
Karine Schepers, Anne Oudinot, Nino Ripepi. 
 
Objective: 
Based on the Monter Carlo analysis which determines the key parameters which highly affect injectivity 
and methane recovery, a simulation is established to know the optimum mixture of injected gas. 
 
Contribution: 
This paper presents an approach combined Monte Carlo analysis with parametric study which is able to 
optimize the composition of gas injection.  
 
Methodology used: 
A Monte Carlo probabilistic approach was carried out to investigate the main reservoir parameters 
driving ECBM and storage of CO2. From tornado plots, the coal rank and pressure-dependent 
permeability are demonstrated to have the significant impact on ECBM. Therefore a parametric study 
was conducted to find out how the permeability is affected by coal bank depending on gas composition. 
 
Conclusion reached: 
The gas mixture of 75% N2/25% CO2, 50% N2/50% CO2 and 40% N2/60% CO2 is optimum injection 
option for coal field of high, medium and low rank respectively. More N2 needs to be injected from 40% 
to 75% when coal rank goes up. 
 
Comments: 
This paper developed an effective approach to test the influence of the component in gas mixture. 
However, the experimental assumption of 100% N2 might be invalid for production. It is also necessary 
to know if the variation of other parameters such as pore compressibility has impact on the study. 
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Energy Procedia 42150-2156 (2011) 
 
Implementation of horizontal well CBM/ECBM technology and the assessment of effective CO2 storage 
capacity in a Scottish coalfield 
 
Authors: 
Caglar Sinayuc, Ji-Quan Shi, Claire E. Imrie, S. Amer Syed, Anna Korre, Sevket Durucan. 
 
Contribution:  
This paper presents a study of ECBM recovery performance assessment involving an optimum horizontal 
well simulation in a real field. 
 
Objective: 
To assess the effect of horizontal wells configuration and alignment, injected gas composition and 
permeability on the capacity of ECBM recovery and CO2 storage of the Airth area of the Clackmannan 
coalfield in Scotland.  
 
Methodology used: 
Initial reservoir simulation is carried out using a static earth model which consists of four coal seams, 
developed in Petrel software. The data from existing vertical wells are then history matched. The 
permeability model is used to evaluate dynamic permeability changes by inputting swelling coefficients 
and sorption isotherms. Finally, a set of different permeability distributions are selected to perform 
primary production, flue gas and mixed gas injection for ECBM recovery and CO2 storage. 
 
Conclusion: 
The recovery factor is over 72% using flue gas injection, and 176000 tonnes of CO2 can be stored. For 
mixed gas injection (50%N2/50%CO2), the recovery factor is slightly smaller but the CO2 stored are 
tripled over 40 years. The ranges of effective storage capacity of the four seams are 77,000-217,000 
tonnes and 260,000-625,000 tonnes for flue gas injection and mixed injection respectively over a 10 
year’s period. 
 
Comment: 
A detailed study on comparison of flue gas injection and mixed gas injection indicates that CO2 enriched 
flue gas is the optimum approach to store CO2 and enhance methane recovery without injectivity loss. 
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Appendix B: Description of CBM simulator used 
The simulator used in this paper is the Eclipse 300™ compositional CBM model. This model is able to be used for the 
simulation of multi-component gas mixture in primary recovery as well as secondary recovery (ECBM), so that the injection 
of flue gas was investigated numerically.  Furthermore, the multi-segment horizontal well suggested in this paper can also be 
simulated using the model.  All the details about this CBM model are described below, which were referenced from ‘The Coal 
Bed Methane model’, ECLIPSE Technical Description, Schlumberger, 2010.   
 
Dual Porosity Model 
An extended Warren and Root model is used to simulate the behaviours of coalbed methane in typical dual-porosity system 
which contains coal matrix and fractures. In order to model this system, ECLIPSE requires the number of layers in the z-axis 
needs to be doubled in the simulation of dual-porosity. The first half of the grids represents the coal matrix, while the second 
half of cells is counted as fracture.  
 
Adsorption model in ECLIPSE 300 
In adsorption model, the sorption of coal for different component is described by the extended Langmuir isotherm (keyword 
LANGMEXT). The adsorption capacity is a function of the free gas phase composition as well as the pressure. 
The Langmuir volume constant Vi and the Langmuir pressure constant Pi are required to be input for each component such 
as CH4, N2, CO2 in coalbed reservoir. These two parameters are normally determined from experiments. In addition, it is able 
to apply different Langmuir isotherm to different regions of the coalfield using keyword COALNUM. 
 
The multi-component adsorption capacity can be calculated by 
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Where: 
    = Scaling factor  
SP  = Pressure at standard conditions   
R   = Universal gas constant 
ST  = Temperature at standard conditions 
iV   = Langmuir volume constant of component i 
iP   = Langmuir pressure constant of component i 
iy   = Mole fraction in gas phase  
p   = Pressure 
 
When the simulation is performed for only a single component such as methane production in primary recovery, the extended 
Langmuir isotherm is equivalent to original Langmuir isotherm which defines storage capacity as a function of pressure: 
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Where: 
V   = Langmuir volume constant (Maximum storage capacity of the single component) 
P   = Langmuir pressure constant  
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The Langmuir constants used in extended Langmuir isotherm for multi-component can be estimated by conducting a series of 
single component gas experiment. In addition, as the Langmuir volume constant V is defined as surface volume over coal 
weight, it can be converted into moles over coal weight using ideal gas law. 
 
Time dependent diffusion model in ECLIPSE 300 
The process of which methane diffuses from matrix to fracture can be described by 
 
 iciigici LmRFSDDIFFMFF  ,  
 
Where: 
im   = Molar density in the coal matrix 
DIFFMF   = Matrix fracture diffusivity 
c   = Rock density (Coal density), input using ROCKDEN 
icD ,   = Diffusion coefficient (coal) for component i, input using DIFFCBM 
iRF   = Re-adsorption factor for component i, input using RESORB 
gS   = Gas saturation, a value of unity is used for desorption  
iL   = Langmuir adsorption capacity for component I (Term icL  is the equilibrium adsorbed molar density)  
 
The matrix fracture diffusivity is given by 
 VOLDIFFMMFDIFFMF  
 
Where: 
DIFFMMF   = Multiplying factor, input using DIFFMMF 
VOL   = Cell coal volume 
   = Factor to account for the matrix-fracture interface area per unit volume, input using SIGMA 
 
Sorption time, which is referred as the time required for the methane desorbed from matrix into fracture, can be given as a 
function of diffusion coefficient, matrix-fracture interface area as well as multiplying factor: 
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Where: 
i   = Sorption time 
 
As given in this equation, if the value of  and DIFFMMF  are assigned, the diffusion coefficient can then be assigned to 
the reciprocal of the sorption time. 
 
The time dependent diffusion between matrix and fracture can be rewritten as: 
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Rock Compaction Model 
Palmer-Mansoori Model (Palmer and Mansoori, 1998) is used to describe the rock compaction of the pore volumes and the 
associated impact on cleat permeability of coal seam. 
Pore volumes can be adjusted at the current pressure, using:  
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Where: 
 PV   = Pore volumes at the current pressure 
0   = Initial porosity 
0P   = Initial pressure 
K   = Bulk modulus 
M  = Constrained axial modulus 
l ,   are parameters of the match between the Langmuir curve and change in volumetric strain due to matrix shrinkage 
 
and 
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Where: 
   = Grain compressibility 
f   = Fraction between 0 and 1 
 
The relationship between permeability and porosity is assumed as: 
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where the exponent n is typically equal to 3. The transmissibility multiplier is given by 
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Compositional coal swelling/shrinkage model in ECLIPSE 300 
An extended Palmer-Manssori model is used to account for coal swelling and shrinkage for a multi-component system. 
Langmuir curve parameters k , k  can be assigned for different component, resulting in the swelling or shrinkage of the coal 
matrix dependent on composition. It is note that the volume changes of under-saturated coal will not be investigated by this 
extended model.  
Assuming the coalbed methane is instantly equilibrium, the strain of one component is given based on the extended 
Langmuir model for adsorption capacity: 


Pa
Pa
e
jj
kkk
k

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Where: 


j
k
k
L
L
a represents the adsorbed mole fraction of component k 
P   = Pressure 
kL  = Adsorption capacity of each component 
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The total strain is then computed as: 
 keE  
 
The Palmer-Manssori model can be converted using: 
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Where: 
 YPV ,   = Pore volumes at the current pressure 
 nyyyY ,...., 21  Gas phase composition 
0   = Initial porosity 
0P   = Initial pressure 
K   = Bulk modulus 
M  = Constrained axial modulus 
k , k  are parameters of the match between the Langmuir curve and change in volumetric strain due to matrix swelling and 
shrinkage for component k  
 
and 






 1
1
f
M
K
M
cm  
 
Where: 
   = Grain compressibility 
f   = Fraction between 0 and 1 
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Appendix C: Additional Parameters Input to the Simulation 
 
Gas-water Relative Permeability 
 
Table C-1: Relative permeability data 
Sw 0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 
Krw 0 0.0006 0.0013 0.002 0.007 0.015 0.024 0.035 0.049 0.067 0.088 
Krg 1 0.835 0.720 0.627 0.537 0.466 0.401 0.342 0.295 0.253 0.216 
Sw 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 0.975 1 
Krw 0.116 0.154 0.200 0.251 0.312 0.392 0.490 0.601 0.731 0.814 1 
Krg 0.180 0.147 0.118 0.090 0.070 0.051 0.033 0.018 0.007 0.0035 0 
 
 
Figure C-1: Gas-water relative permeability curve used  
 
Properties of Each Component 
 
               Table C-2: Parameters of gas components  
Gas Component CO2 N2 CH4 
Molecular Weight 44.01 28.013 16.043 
Langmuir Pressure (bar) 19.03 272.41 46.885 
Langmuir Volume (m
3
/kg) 0.0240808 0.011652 0.01180736 
Omega A 0.457235529 0.457235529 0.457235529 
Omega B 0.077796074 0.077796074 0.077796074 
Critical Temperature (K) 304.7 126.2 190.6 
Critical Pressure (bar) 73.865925 33.943875 46.04208 
Critical Volume (m
3
/kg-mole) 0.094 0.09 0.098 
Critical Z-Factor 0.274077797373227 0.291151404389918 0.284729476628582 
Volume Shift -0.0427303367439383 -0.131334238607036 -0.144265618878948 
Acentric Factor 0.225 0.04 0.013 
Binary Interaction Coefficient -0.012 0.1 0.1 
Parachor (dynes/cm) 78 41 77 
Critical Volume for Viscosity 
Calculation (m
3
/kg-mole) 
0.094 0.090 0.098 
Critical Z-Factor for Viscosity 
Calculation 
0.274077797373227 0.291151404389918 0.284729476628582 
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Appendix D: Horizontal Well Design 
 
Horizontal Well Direction 
 
A ratio of 2 to 1 was applied to the model for face cleat (y-axis) to butt cleat (x-axis). As described in reservoir parameters, the 
fracture permeability of face cleat and butt cleat in this study are 2md and 1md respectively. Before the design of full field 
well layout, a simple gird containing 9 x 9 x 2 cells with each size of 10 x 10 x 2.5 was used for modelling. The dual-lateral 
well (Figure D-1) was created along the face cleat and the butt cleat for comparison.  
 
 
Figure D-1: Grids used in the direction test and dual-lateral well visualised in Petrel™ 
 
 
Figure D-2: Simulation results of positioning well along butt cleat and face cleat 
 
Figure D-2 shows the simulation results of the horizontal well performance in terms of two directions. It clearly indicated that 
a  larger  amount of  methane can be  recovered  when  horizontal  well is  positioned  in the  direction of  butt  cleat, which  is  
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perpendicular to face cleat. This can be explained by the well is always perpendicularly perforated, so that the fluids would be 
flowing through the face cleat with a higher permeability into the production well.  
 
Horizontal Well Layout and Simulation Results 
 
Petrel™ was applied to the preliminary design of well 
layout with emphasis on various well spacing. The index 
filter in petrophysical modelling was used to present the 
appropriate location in which horizontal well can be 
positioned by removing the uniform spacing in a certain 
range.  For instance, as shown in Figure D-3, 10 rows of 
cells for x-axis and 2 rows of cells for y-axis were set to be 
filtered and one consecutive row indicated by width would 
be shown. This aims to design the well locations based on 
50 acre well spacing, as 20 cells with each gird size of 10 
000m
2
 occupies an area of 200 000m
2 
which is 
approximately equal to 50 acre.  This was then followed by 
an optimization of well layout considering the three-well-
pattern of injector and producer. The final well layout with 
different well spacing will be discussed below.  
 
 
 
 
 
 
 
Figure D-4: Example field layout of 50 acre well spacing 
 
Full field horizontal well pattern with 50 acre well spacing has a total number of 114 horizontal wells including 76 producers 
and 38 injectors. An example for this well spacing layout is shown in Figure D-4, the red well represents the designed 
injection well while the blue well represents the designed production well. It is note that the simulation presented in this 
section does not take account the gas injection, which means all the wells are used for production in this stage of the study. 
The methane production rate and cumulative methane production are plotted in Figure D-5. The production rate would reach 
to 819 874m
3
/day (28.98MMscf/d) which is peak rate after producing less than 3 years. The cumulative methane production of 
30 years and 10 years are 3.01 x 10
9
m
3 
(105.9Bscf) and 2.14 x 10
9
m
3 
(75.6Bscf) respectively. 
 
 
Figure D-3: Index filter used for preliminary design of well layout 
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Figure D-5: CBM recovery simulation results of 50 acre horizontal wells 
 
 
 
Figure D-6: Example field layout of 75 acre well spacing 
 
 
As shown in Figure D-6, 90 horizontal wells including 60 producers and 30 injectors were drilling into the coalfield with a 75 
acre well spacing. The simulation results in Figure D-7 show the peak rate of 637 521m
3
/day (22.53MMscf/d) is reached after 
three and a half years and a methane volume of 2.85 x 10
9
m
3 
(100.6Bscf) and 2.14 x 10
9
m
3 
(75.6Bscf) could be recovered in 
10 years and 30 years respectively. 
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Figure D-7: CBM recovery simulation results of 75 acre horizontal well 
 
 
 
 
A 
 
 
 
Figure D-8: Example field layout of 100 acre well spacing 
 
 
In this case, there are 70 horizontal wells consisting of 45 producers and 25 injectors created in this model (Figure D-8). It is 
note that some of well patterns were extended due to specific terrain of the coalfield. The highest methane production rate is 
589 654m
3
/day (20.84MMscf/d) which can be observed in Figure D-9. It would be able to producing methane of 1.69 x 10
9
m
3 
(59.7Bscf) over 10 years and 2.57 x 10
9
m
3 
(90.7Bscf) over 30 years.  
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Figure D-9: CBM recovery simulation results of 100 acre horizontal well 
 
 
 
Figure D-10: Example field layout of 125 acre well spacing 
 
 
 
 
 
 
 
 
For the well spacing of 125 acre, as shown in Figure D-10, 52 horizontal wells consisting of 19 injectors and 33 produces 
were created in the model. A peak production rate of 451 101m
3
/day (15.94MMscf/d) can be observed at the fourth year. 
Figure D-11 also shows the methane cumulative production of 10 years and 30 years are 1.39 x 10
9
m
3 
(49.1Bscf) and 2.19 x 
10
9
m
3
(77.4Bscf). 
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Figure D-11: CBM recovery simulation results of 125 acre horizontal well 
 
 
Horizontal Well Length 
 
In the sensitivity study of horizontal well length, the selected 50 acre well spacing was investigated by reducing lateral length 
from 1000m to 400m. The results of methane production rate and cumulative methane production obtained from the 
simulation for each length are plotted in Figure D-12 and Figure D-13 respectively. It is also note that the vertical length 
(surface to the starting point of horizontal lateral) of each horizontal well is constant.  Peak production rate and cumulative 
production of 10 years and 30 years for each case are summarized in Table D-1. 
 
 
Figure D-12: Methane production rate of various horizontal well lengths 
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Figure D-13: Cumulative methane production of various horizontal well lengths 
 
 
              Table D-1: Summary of the simulation results for each well length  
Well 
Length 
(m) 
Peak Methane  
Production Rate  
(m
3
/d (MMscf/d)) 
10 Years  
Cumulative Methane 
Production (10
9
m
3
 (Bscf)) 
30 Years  
Cumulative Methane Production 
(10
9
m
3
 (Bscf)) 
1000m 819874 2.10 3.01 
900m 729647 1.97 2.95 
800m 631425 1.81 2.86 
700m 532224 1.61 2.75 
600m 437429 1.38 2.59 
500m 349408 1.12 2.38 
400m 269212 0.83 2.07 
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Appendix E: Sensitivity Analysis 
 
Variation of Coal Density 
The initial coal density was assigned in 1405kg/m3 based on the data from exploration well. In order to know the effects of 
coal density on methane production, simulation runs were performed for a high case of 1505kg/m
3
 and a low case of 
1305kg/m
3
. The simulation results in Figure E-1 show a small change in total methane production and a negligible change in 
first 10 years’ production. It can then be concluded that coal density has a little contribution to the methane recovery.  
 
 
Figure E-1: Sensitivity study of coal density 
 
Variation of Fracture Permeability 
The variable in this case is fracture permeability of face cleat and butt cleat, which was varied based on the three sets of values. 
The value of face cleat permeability was set to be 0.5md for low case, 2md for base case and 5md for high case. The values of 
butt cleat for three cases form low to high were 0.25md, 1md and 2.5md respectively. Figure E-2 shows the simulation results 
of cumulative methane production for each case. Interestingly, it is observed that the production is almost closed to zero in the 
low case before gas injection. The changes in cleat permeability during the simulation results in an incremental methane 
production of 2.99 x 10
9
m
3
 or a decrease of 3.23 x 10
9
m
3
 in methane production, indicating fracture permeability has a 
significant impact on gas production.  
 
Figure E-2: Sensitivity study of fracture permeability 
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Variation of Fracture Porosity 
The influence of various fracture porosity on methane production was investigated by changing the porosity of base case from 
1% to 0.5% for the low case, and 1.5% for the high case. It is interesting to note the results obtained from high case do not 
show a higher cumulative methane production. On the contrary, incremental methane production is observed in the low case, 
which is able to increase a produced methane volume of 0.54 x 10
9
m
3
 compared to the base case. The high case reduces the 
total production from 6.9 x 10
9
m
3 
to 6.37 x 10
9
m
3
 as illustrated in Figure E-3.  
 
 
Figure E-3: Sensitivity study of fracture porosity 
 
Variation of Initial Pressure 
In order to investigate the effect of initial reservoir pressure, the original pressure as the base case was adjusted to 80% for low 
case and 120% for high case. The coal seams were assumed to be fully saturated for both cases. The results in Figure E-4 
show a methane volume of 7.93 x 10
9
m
3
 and 5.47 x 10
9
m
3 
can be recovered for high case and low case respectively. This 
indicates the initial pressure has a relatively large contribution to methane production. 
 
 
Figure E-4: Sensitivity study of initial pressure 
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Variation of Initial Gas Saturation 
As the reservoir is saturated (Matrix methane saturation = 100%) in base case, thus there is no high case in this situation. Two 
low cases with initial gas saturation of 90% and 75% were then investigated in this study. As illustrated in Figure E-5, 
methane production slightly decreases when coal matrix is 10% under saturated. However, a dramatic reduction is observed 
when the coal gas saturation is varied to 75%. It seems that the response of methane productivity to gas saturation becomes 
more sensitive as the coal matrix is more under saturated.  
 
 
Figure E-5: Sensitivity study of initial gas saturation 
 
Variation of Initial Water Saturation 
Besides gas saturation, the impact of water saturation was also assessed in this study. The base case of 65% for fracture water 
saturation was varied to 45% for low case and 85% for low case. From the results in Figure E-6, the low case increases the 
cumulative methane production to 7.26 x 10
9
m
3
, while the methane production of high case is reduced to 6.63 x 10
9
m
3
 from 
6.82 x 10
9
m
3
. It possibly can be concluded that the high fracture water saturation has a little effect on reducing methane 
production as the gas was stored in coal matrix initially, but the low water saturation in fracture proves to have a relatively 
larger impact on improving methane recovery. 
  
 
Figure E-6: Sensitivity study of initial water saturation 
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Variation of Sorption Time 
The sorption time for low, base and high case were set to be 1 x 10
-6
day, 0.001day and 0.1day respectively. Interestingly, the 
simulation results in Figure E-7 clearly indicates that cumulative methane production doesn’t change for both low and high 
cases compared to base case, which means the effect of sorption time on methane recovery can be neglected.  
 
 
Figure E-7: Sensitivity study of sorption time 
 
Variation of Reservoir Temperature 
Last but not least, the study of varying formation temperature in this coalbed reservoir was carried out. 35 ̊C and 55 ̊C were 
defined in the model for low case and high case, while the base case of reservoir temperature is 45 ̊C. Figure E-8 show that 
the higher temperature would cause a slight loss of productivity which from 6.82 x 10
9
m
3 
to 6.60 x 10
9
m
3
, and a negligible 
change of methane production happens in the low case of reservoir temperature. 
 
  
 
 
Figure E-8: Sensitivity study of reservoir temperature 
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Nomenclature of Appendices 
 
              icD ,  = Diffusion coefficient (coal) component i 
 f  = Fraction, between 0 and 1 
K  = Bulk modulus, bar 
iL   = Langmuir adsorption capacity 
              M   = Constrained axial modulus 
              im  = Molar density in the matrix coal, kg/m
3
  
p   = Pressure, bar 
0P  = Initial pressure, bar 
 SP  = Pressure at standard conditions, bar   
  PV  = Pore volume at the initial pressure, m  
 iRF  = Re-adsorption factor of component i 
         R  = Universal gas constant 
gS  = Gas saturation, for desorption 
ST  = Temperature at standard conditions, K 
iy  = Mole fraction in gas phase 
   = Strain parameter 
 l  = Strain parameter 
   = Scaling factor  
 0  = Initial porosity 
                = Grain compressibility 
 
